The human genome encodes 38 classical tyrosine-specific PTPs (protein tyrosine phosphatases). Many PTPs have been shown to regulate fundamental cellular processes and several are mutated in human diseases. We report that the product of the PTPN20 gene at the chromosome locus 10q11.2 is alternatively spliced to generate 16 possible variants of the classical human non-transmembrane PTP 20 (hPTPN20). One of these variants, hPTPN20a, was expressed in a wide range of both normal and transformed cell lines. The catalytic domain of hPTPN20 exhibited catalytic activity towards tyrosyl phosphorylated substrates, confirming that it is a bona fide PTP. In serum-starved COS1 cells, hPTPN20a was targeted to the nucleus and the microtubule network, colocalizing with the microtubule-organizing centre and intracellular membrane compartments, including the endoplasmic reticulum and the Golgi apparatus. Stimulation of cells with epidermal growth factor, osmotic shock, pervanadate, or integrin ligation targeted hPTPN20a to actin-rich structures that included membrane ruffles. The present study identifies hPTPN20a as a novel and widely expressed phosphatase with a dynamic subcellular distribution that is targeted to sites of actin polymerization.
INTRODUCTION
Protein tyrosine phosphorylation plays an integral role in many aspects of cellular signalling and controls diverse fundamental cellular responses, including growth, proliferation, differentiation, migration and survival [1] . Tyrosine phosphorylation is a reversible and dynamic process that is controlled by the activities of the PTKs (protein tyrosine kinases), which mediate the phosphorylationreaction,andthePTPs(protein tyrosine phosphatases), which catalyse the dephosphorylation [1] . The human genome encodes approx. 100 PTP genes [1] [2] [3] , including 38 classical tyrosine-specific PTPs that contain catalytic domains of ∼ 280 residues with the signature motif (I/V)HCSXGXGR(S/T)G [2, 3] . The 38 classical PTPs can be subdivided further into 21 receptor-like transmembrane PTPs and 17 intracellular non-transmembrane PTPs. The catalytic domains of the classical PTPs share an overall sequence identity of approx. 35 %, whereas the non-catalytic regions are distinct and serve targeting/regulatory roles and, in the case of receptor-like PTPs, may bind ligand [1, 2] . Many PTP gene products are alternatively spliced to generate variant proteins, often with distinct non-catalytic regions dictating subcellular localization, substrate recognition and regulation [1] [2] [3] . As such, the number of functionally distinct PTPs greatly exceeds the number identified in the human genome.
While PTKs have been studied intensively over the last few decades, less emphasis has been placed on characterizing PTPs. PTPs are now known to display exquisite substrate selectivity/specificity in vivo and to regulate specific signal transduction events and physiological processes [1, 3] . Importantly, PTPs can act not only to terminate cellular signalling, but also to initiate it. For example, PTPα can dephosphorylate the inhibitory CSK (C-terminal Src PTK) phosphorylation site in Src family PTKs [4, 5] , whereas SHP-2 (Src homology region 2-containing PTP-2) controls CSK access to Src [6] . In accordance with the central role of PTPs in modulating physiological responses, mutation of PTPs or perturbation of PTP function can contribute to the development of varied human diseases, including cancer [7] [8] [9] [10] , diabetes [11] [12] [13] , immune disorders [14] and heart disease [15] . Moreover, PTP mutations can be causative in disease onset, and, for example, heterozygous mice harbouring a Noonan-associated SHP-2 mutation exhibit the major features of the disease, including short stature, craniofacial abnormalities and heart defects [15] , whereas somatic SHP-2 mutations that are common in sporadic leukaemias are transforming and can cause lymphoproliferation [9, 10] . In addition, pathogenic micro-organisms can target host PTPs for the modulation of tyrosine-phosphorylation-dependent signalling. Most notably, RPTPζ (receptor-type PTP) and SHP-2 are targeted by the Helicobacter pylori proteins VacA and CagA respectively, and mice lacking RPTPζ are resistant to ulceration induced by VacA [16, 17] . Thus elucidating the functions of PTP family members is necessary to understand fully the regulation of signalling processes that involve reversible tyrosine phosphorylation and to provide comprehensive insight into the molecular mechanisms that underlie both physiological and pathological processes.
In the present paper, we report the cloning and characterization of hPTPN20, a classical human non-transmembrane PTP. Alternative splicing of the PTPN20 gene product can result in the expression of at least 22 mRNA transcripts encoding 16 possible hPTPN20 variants. One of the novel variants, hPTPN20a, is widely expressed and has a dynamic subcellular distribution being targeted to sites of actin polymerization in response to varied extracellular stimuli.
MATERIALS AND METHODS

Materials
Recombinant human EGF (epidermal growth factor), GFR (growth-factor-reduced) Matrigel ® matrix and dispase were pur- 
Differential display
Total RNA was isolated from asynchronous ECV304 cells, or those differentiated on GFR Matrigel ® matrix, using the RNeasy RNA extraction kit (Qiagen GmbH, Hilden, Germany) according to the manufacturer's recommendations; differentiated ECV304 cells were isolated by solubilizing the GFR Matrigel ® matrix with dispase (37
• C for 30 min). Total RNA was then reverse-transcribed using AMV (avian myeloblastosis virus) RT (reverse transcriptase) (Roche Diagnostics GmbH, Mannheim, Germany), 5 µg of total RNA and 0.5 µg of oligo(dT) 15 (Roche Diagnostics) in a final volume of 25 µl, according to the manufacturer's instructions. One-tenth of this reaction mixture was then used for amplification of PTP cDNAs using 25 • C for 5 min, followed by 40 cycles of 94
• C for 30 s, 40
• C for 60 s and 72
• C for 30 s, followed by a final 10 min extension at 72
• C. PCR products were purified, digested with Sau96I, then separated on a 6 % bisacrylamide gel and analysed by autoradiography. DNA fragments of interest were extracted from the gel, amplified further with the same primers and then cloned into pGEM ® -T easy (Promega) and sequenced.
RACE (rapid amplification of cDNA ends)
cDNA was generated from human testis or ECV304 total RNA using the 5 RACE System, version 2.0, from Invitrogen (Carlsbad, CA, U.S.A.). cDNA reverse-transcribed from 5 µg of RNA was first treated with 0.5 µg/µl RNase (DNase-free) (Invitrogen) for 1 h at 37
• C, then incubated at 37
• C for a further 20 min in the following reaction to tail cDNAs: 5 µl of cDNA, 1 µl of 15 units/µl TdT (terminal deoxynucleotidyl transferase), 5 µl of 5× TdT buffer (Promega), 2.5 µl of 2.5 mM dCTP and 11.5 µl of water. The reaction was then inactivated at 70
• C for 10 min. The primary 5 RACE reaction consisted of 2.5 µl of the dC-tailed cDNA, 1 µl of 5 mM dNTPs, 1.5 µl of 25 mM MgCl 2 , 2.5 µl of 10× Taq buffer, 0.25 µl of 5 units/µl Taq DNA polymerase (Promega), 0.8 µl of 10 µM PTPN20 gene-specific primer NPTP-3 (5 -CCAGAGTAGAACTCACCAGGC-3 ; encoded by exon 7) and AAP (abridged anchor primer; 5 -GGCCACGC-GTCGACTAGTACGGGIIGGGIIGGGIIG-3 , where I is inosine), and the mixture was made to 25 µl with water. RACE PCR cycling conditions were 94
• C for 5 min, followed by 10 cycles of 92 • C for 1 min, 60
• C for 1 min and 72
• C for 2 min, and then 20 cycles of 92
• C for 1 min, 50
• C for 2 min, with a final 10 min extension at 72
• C. Nested 5 RACE reactions using 2.5 µl of a 1:10 dilution of the primary PCR product in a final volume of 25 µl were then performed with the 'nested' gene-specific primer NPTP-4 (5 -CTTGATGGCTGTCTGCTCA-3 ; encoded by exon 6) and an AUAP (abridged universal amplification primer; 5 -GGCCACGCGTCGACTAGTAC-3 ) and the following PCR cycling conditions: 94
• C for 5 min, followed by 30 cycles of 92 • C for 1 min, 50
• C for 1 min and 72 • C for 2 min, and a final 10 min extension at 72
• C. PCR products were cloned into pGEM ® -T easy and sequenced.
RT-PCR analysis of PTPN20 isoform expression
Total RNA was extracted from 5 × 10 6 cells of the indicated cell line using TRI Reagent ® (Sigma), according to the manufacturer's recommendations. cDNA was then generated from cells or human testis total RNA using Superscript TM III reverse transcriptase (Invitrogen) according to the manufacturer's recommendations. PCR from reverse-transcribed cDNA was performed using Taq DNA polymerase. Forward primers used for PTPN20 RT-PCR reactions were NPTP-5 (5 -CTGTGGCTCTGTGGTAGGGGAAT-3 ; encoded by exon 1b), NPTP-7 (5 -TGGCCTGACTCACAGGACA-CTAAG-3 ; encoded by exon 2), NPTP-8 (5 -ATGATTGTAAA-CGATTATGAG-3 ; encoded by exon 1b/3), NPTP-9 (5 -GCC-TGGTGAGTTCAACTCTGG-3 ; encoded by exon 7) and NPTP-10 (5 -CCAGCTGCACTGTGACGCGTGTTG-3 ; encoded by exon 1b). Reverse primers used were NPTP-3, NPTP-6 (5 -GT-GCAAACCCACTTGGTAATTTCA-3 ; encoded by exon 11) and NPTP-11 (5 -CTCCTCATCCTCACTGCTCC-3 ; encoded by exon 5). PCR cycling conditions were 94
• C for 2 min, followed by 45 cycles of 94
• C for 30 s; 60
• C for 30 s; 72 • C for 2 min, then a final 72
• C extension for 5 min. Amplified products were subcloned into pGEM-T easy (Promega) and sequenced. For the β-actin RT-PCR, forward and reverse primers were 5 -TGAA-GTCTGACGTGGACATC-3 and 5 -ACTCGTCATACTCCTG-CTTG-3 respectively.
Sequence analysis
The complete nucleotide sequence of the human PTPN20 gene and flanking regions was obtained from approx. 700 kb of human genomic DNA contained within a contig (NT 030772) encompassing part of Homo sapiens (HSA) chromosome locus 10q11.22. This sequence was obtained from the NCBI (National Center for Biotechnology Information) human genomic database found at http://www.ncbi.nlm.nih.gov, following BLAST analysis with identified cDNAs. Other sequences used in this study were also obtained from GenBank ® : human PTPN20 cDNAs BC036539, AL050040 and BX648913 which were derived from cDNA clones DKFZp566K0524 and DKFZp686N22268; human EST (expressed sequence tag) sequence BI460524 and the putative human PTPN20 pseudogene XM 374802 (LOC399762). Identification of transcribed nucleotide sequences was performed using the NIX application (http://www.hgmp.mrc.ac.uk). Translation of putative ORFs (open reading frames) was carried out on the Baylor College of Medicine website (http://searchlauncher.bcm.tmc.edu), and amino acid alignments were performed using ClustalW 1.8 (http:// www.ebi.ac.uk/clustalw/). Predictions of protein domains, as well as putative PEST (Pro-Glu-Ser-Thr) sequences and phosphorylation sites, were determined using PROSITE (http://www.expasy. ch/prosite/).
Northern blotting
Northern blots were carried out using a multiple tissue human poly ( • C for 15 min each and then 0.25× SSC/0.1 % SDS twice at 65
• C twice for 15 min each, and then exposed on a PhosphorImager using ImageQuant software (Molecular Dynamics). Blots were re-hybridized with the β-actin probe provided by the manufacturer (OriGene Technologies).
Plasmid constructs
The TC45-pMT2 (where TC45 is the 45 kDa variant of TCPTP) mammalian expression construct has been described previously [18] . hPTPN20a-pDrive was generated in a two-step PCR procedure using Platinum ® Pfx DNA polymerase (Invitrogen, Carlsbad, CA, U.S.A.) and cDNA template that had been reverse-transcribed using AMV-RT and human testes RNA as described above. In the first round of PCR, two overlapping PCR fragments encompassing the 5 and 3 ends of hPTPN20a were amplified. The 5 end was generated using 5 -CGCCGCGAATTCATGA-TTGTAAACGATTATGAG-3 and 5 -TGAAGCTATCTGC TG-AGGCA-3 , and the 3 end was generated with 5 -TGCCTCAGC-AGATAGCTTCA-3 and 5 -CAGAAGTCTAGATTAATCCAA-AGTCAGAAGTTTCCG-3 . For the second round of PCR, the corresponding 5 and 3 primers and a 1:1 molar ratio of the primary PCR products were utilized to generate the full-length hPTPN20a cDNA, which was then cloned into pDrive (Qiagen) as per the manufacturer's instructions. hPTPN20a cDNA was then PCR-amplified with Platinum ® Pfx DNA polymerase using hPTPN20a-pDrive as a template. The 5 primer (5 -CGCCGCGAATT-CATGATTGTAAACGATTATGAG-3 ) incorporated an EcoRI site immediately before the ATG initiation codon, and the 3 primer (5 -CCGGCGGAATTCTCATCCTCCCAGGCTGGCATA-GTCAGGACGTCATAAGGATAGCTATCCAAAGTCAGAAG-TTTCCG-3 ) incorporated a sequence for an in-frame HA tag before a TGA stop codon that was followed by a an EcoRI site. The EcoRI-digested PCR product was cloned into the same site of pMT2 to generate hPTPN20a-HA-pMT2, with the orientation being confirmed by restriction endonuclease digestion. A similar approach was used for cloning N-term-pMT2, but the 5 primer (5 -CGCCGCGAATTCATGGGCCCCTTCAGAAGA-GACAGGTGGA-3 ) incorporated an EcoR1 site followed by ATG immediately before the codon for residue 78 of hPTPN20a instead. The hPTPN20a-HA-pCG construct was generated by PCR using Platinum ® Pfx DNA polymerase and the hPTPN20a-HA-pMT2 construct as template. The 5 primer (5 -CGCCGCTC-TAGAATGATTGTAAACGATTATGAG-3 ) incorporated an SpeI site immediately 5 to the initiating codon, and the 3 primer was the same as that used above that incorporated sequence for a HA tag, but instead included a BamH1 site rather than an EcoRI site. The SpeI/BamH-digested PCR product was cloned into the XbaI/ BamHI site of the mammalian expression vector pCG. hPTPN20a (151-411)-pGEM ® -T easy was generated by RT-PCR using AMV-RT, Taq DNA polymerase and human testes RNA. The 5 oligonucleotide primer (5 -GAGGAGGGATCCATGCAGGA-ATTTATGGCTTTAGAAC-3 ) incorporated a BamHI site immediately before the ATG initiation codon and the 3 oligonucleotide (5 -CAGAAGTCTAGATTAATCCAAAGTCAGAAGTTTCCG-3 ) incorporated an XbaI site immediately following the TAA stop codon. The resulting PCR product was cloned into pGEM ® -T easy according to the manufacturer's instructions. hPTPN20a (151-411)-pGEX for the bacterial expression of GST (glutathione S-transferase)-hPTPN20a (151-411) was generated by subcloning the BamHI/XbaI-digested insert from hPTPN20a (151-411)-pGEM ® -T easy into the same sites of pGEX-KG. For generating the construct expressing the siRNA (small interfering RNA) corresponding to sequence in exon 6 (see Supplementary Figures 2 and 3 at http://www.BiochemJ.org/bj/389/ bj3890343add.htm) and capable of suppressing endogenous hPTPN20 expression in mammalian cells, the oligonucleotides 5 -GATCCCCCTAGATCAGTTGGCTCAGATTCAAGAGATC-TGAGCCAACTGATCTAGTTTTTGGAAA-3 and 5 -AGCTT-TTCCAAAAACTAGATCAGTTGGCTCAGATCTCTTGAAT-CTGAGCCAACTGATCTAGGGG-3 were annealed, phosphorylated with T4 polynucleotide kinase and cloned into a BglII/HindIII site of pSUPER as described previously [19] . The structures of all the constructs generated were confirmed by restriction endonuclease analysis and the fidelity of the cloned cDNAs confirmed by sequencing.
Antibodies
Rabbit polyclonal 159 antibodies against TC45 were described previously [20] . Rabbit polyclonal anti-hPTPN20 antibodies were raised against the peptide C 162 LPGEFYSGNQPSNREK 177 -NH 2 (TT2) corresponding to the N-terminus of the hPTPN20a catalytic domain and Y 393 HFCYDIVLEVLRKLLTLD 411 -COOH (TT3) corresponding to the hPTPN20a C-terminus. Rabbits were immunized with the peptides coupled to keyhole-limpet haemocyanin using SPDP ([N-succinimidyl 3-(2-pyridyldithio)propionate] (Pierce, Rockford, IL, U.S.A.). Antibodies specific for the immunized peptides TT2 and TT3 were purified from serum using the corresponding peptide affinity columns and were avidity-characterized by ELISAs, immunoblot analysis and immunofluorescence microscopy. TT2 antibodies recognized overexpressed hPTPN20a-HA, whereas TT3 antibodies recognized endogenous hPTPN20a by immunoblot analysis.
Cell culture and transfections
African-green-monkey COS1 and HEK (human embryonic kidney)-293 cells, as well as human HeLa cervical adenocarcinoma, U2OS osteosarcoma, U87MG glioblastoma, MDA-MB-231 breast adenocarcinoma and ECV304 urinary carcinoma [21, 22] cells were cultured at 37
• C and 5% CO 2 in DMEM (Dulbecco's modified Eagle's medium) (Invitrogen) containing 5 % (v/v) FBS (foetal bovine serum), 100 units/ml penicillin and 100 µg/ml streptomycin. Human MRC5 and 7625 normal fibroblasts were cultured in the same medium containing 10 % ( COS1 or HeLa cells were electroporated with pMT2 or hPTPN20a-HA-pMT2 as described previously [23, 24] . Cells were collected for immunofluorescence microscopy or in hot 3× Laemmli sample buffer for immunoblotting at 36 h posttransfection as indicated. Where indicated, hPTPN20a-HA expressing serum-starved COS1 cells were harvested by limited trypsin/EDTA treatment, washed twice in DMEM minus Phenol Red (Invitrogen) containing 0.25 % (w/v) BSA, and then resuspended in DMEM minus Phenol Red containing 0.1 % (w/v) BSA. The cells were held in suspension at 37
• C for 30 min before attachment on to coverslips pre-coated with 20 µg/ml fibronectin (Sigma) for 10-30 min as described previously [23] .
Cell fractionation studies
Where indicated, COS1 cells were electroporated with pMT2 or hPTPN20a-HA-pMT2 and used at 36 h post-transfection. Subcellular fractionation was performed according to the method of Simpson et al. [25] . In brief, cells were washed with ice-cold PBS, homogenized using a mechanical homogenizer in prechilled HES buffer (20 mM Hepes, pH 7.2, 0.225 M sucrose and 1 mM EDTA) plus protease inhibitors [pepstatin (1 µg/ml), leupeptin (5 µg/ml), aprotinin (5 µg/ml), 1 mM benzamidine and 2 mM PMSF], and the homogenate was centrifuged (11 500 rev./ min at 4
• C for 25 min, using a Sorval SS34 rotor). The supernatant then underwent two additional rounds of centrifugation (15 500 rev./min at 4
• C for 45 min using a Sorval SS34 rotor, followed by 55 000 rev./min at 4
• C for 1 h using a Beckman Ti70 rotor). The first centrifugation step produced the high-density microsome fraction (pellet); the second centrifugation step produced the cytosolic fraction (supernatant) and the low-density microsome fraction (pellet). The pellet resulting from the original centrifuged homogenate, containing nuclei, mitochondria, endoplasmic reticulum and plasma membrane, was resuspended in HES buffer and homogenized further using a Dounce homogenizer. The homogenate was then layered on to a sucrose cushion and centrifuged (28 500 rev./min at 4
• C for 1 h using a Beckman SW41 rotor); the resulting pellet containing nuclei, as well as mitochondria and endoplasmic reticulum, was retained for analysis, whereas the interphase fraction was resuspended in HES buffer and re-centrifuged (50 000 rev./min at 4
• C for 15 min using a Beckman Ti60 rotor) to pellet the plasma membrane/endoplasmic reticulum fraction. Equal amounts of protein were resolved by SDS/PAGE (12 % polyacrylamide) and analysed by immunoblot analysis.
Microtubule binding assay
HeLa cells were electroporated with 5 µg of pCG or hPTPN20a-HA-pCG and at 36 h post-transfection, were left untreated, treated with 5 µM taxol at 37
• C for 4 h or treated with 10 µM nocodazole at 37
• C for 2 h followed by incubation at 4 • C for 2 h. Cells were washed with PBS and incubated in microtubule stabilizing buffer [0.1 M Pipes, pH 6.9, 2 M glycerol, 5 mM MgCl 2 , 2 mM EGTA and protease inhibitor cocktail (Roche Diagnostics)] for 5 min at 37
• C to extract proteins. Cells were collected, an aliquot was removed (total fraction), and the remainder was centrifuged at 1000 g for 2 min. The supernatant was removed (cytosolic proteins), and the pellet (microtubule fraction) was treated with DNase I for 5 min at 37
• C. Proteins were resolved by SDS/PAGE (10 % polyacrylamide) and immunoblotted with antibodies against tubulin or HA (12CA5).
Immunofluorescence microscopy
For immunofluorescence studies, cells overexpressing hPTPN20-HA grown on glass coverslips were fixed with 3.2 % (w/v) paraformaldehyde in PBS and were processed as described previously [18] using the monoclonal anti-HA antibody 12CA5 or the polyclonal anti-hPTPN20 TT2 antibodies on their own, or in combination with antibodies against β-COP, clathrin or tubulin. Where indicated, cells were co-transfected with constructs for the expression of GFP-Rab11 or VSVG-GFP. Alexa Fluor ® 488-or 568-conjugated goat anti-mouse or anti-rabbit IgGs (Molecular Probes, Eugene, OR, U.S.A.) were used as secondary antibodies. Where indicated, cells were stained with Texas-Red Phalloidin (Molecular Probes) to visualize the actin cytoskeleton. For staining DNA, cells were incubated with 5 µg/ml RNase (Roche Diagnostics) in PBS for 30 min and then incubated with propidium iodide in PBS containing RNase for 15 min and then washed with PBS. Where indicated, nuclei were visualized with Hoechst stain. Coverslips were mounted on to glass slides in Dako ® fluorescent mounting medium (Dako Corporation, Carpinteria, CA, U.S.A.), and immunofluorescence was visualized on a Zeiss Axioskop 2 mot plus microscope or a Leica TCS-NT confocal microscope.
Metabolic labelling and pulse-chase
COS1 cells were electroporated as described previously [23] with 10 µg of hPTPN20a-HA-pMT2 or N-term-HA-pMT2 and were seeded in a six-well dish. At 20 h post-transfection, the cells were rinsed with PBS and starved in methionine-free DMEM plus 5 % FBS for 90 min. Cells were pulsed with 0.2 mCi of Trans 35 S-label per well for 2 h and chased in DMEM plus 10 % FBS for 0-24 h. Cells were lysed in immunoprecipitation lysis buffer [50 mM Tris/HCl, pH 7.5, 1 % (w/v) Nonidet P40, 150 mM NaCl, 50 mM NaF, leupeptin (5 µg/ml), pepstatin (1 µg/ml), 1 mM benzamidine and 2 mM PMSF) and pre-cleared with 0.1 ml Pansorbin for 30 min at 4
• C. Pre-cleared lysates were centrifuged (12 000 g for 10 min at 4
• C) and hPTPN20a-HA or N-term-HA was immunoprecipitated from the supernatant with the monoclonal anti-HA 12CA5 antibody as described previously [18] . 12CA5 immunoprecipitates were resolved by SDS/PAGE (10 % polyacrylamide) and [ 35 S]methionine-labelled hPTPN20a-HA or N-term-HA quantified on a PhosphoImager using ImageQuant software.
PTP assays
GST and GST-hPTPN20a (151-411) proteins were expressed in bacteria and purified on glutathione-Sepharose as described previously [20, 26] . RCML (reduced carboxyamidomethylated and maleylated lysozyme) was phosphorylated with the baculoviral expressed PTK domain of the human insulin receptor [27] . PTP activity was measured as described previously [20, 26] using 20 µM tyrosine-phosphorylated 32 P-labelled RCML at 30
• C for 10-20 min in reaction buffer containing 25 mM imidazole, pH 7.2, 5 mM EDTA, 1 mM dithiothreitol and 1 mg/ml BSA. No more than 20 % of the substrate was dephosphorylated in each reaction.
RESULTS
Identification of a human PTPN20 cDNA fragment
In an attempt to identify novel PTPs that may be involved in the formation of endothelial tube-like structures we assessed PTP mRNA expression by differential display comparing asynchronous transformed ECV304 cells with the same cells differentiated into tube-like structures on Matrigel ® . We used degenerate oligonucleotide primers corresponding to the amino acid sequences [S/T]DYINAS and HCSAG[I/V]GR that are conserved within classical PTP catalytic domains [2, 3] . We identified several differentially expressed human cDNAs, including a cDNA encoding the transmembrane classical phosphatase PTPRJ (PTP receptor type J) [DEP-1 (density-enhanced phosphatase-1)] (M. T. FoderoTavoletti and T. Tiganis, unpublished work) which has been implicated previously in vascular development [28] . In addition, we identified other PTP cDNAs that were not differentially expressed, including a cDNA that was identical with a previously identified, but hitherto uncharacterized, human cDNA clone DKFZp566K0524 (GenBank ® accession number AL050040) encoding non-transmembrane PTP 20 (PTPN20) and homologous with the catalytic domain of murine Typ expressed in testes (GenBank ® accession number NM 008978) [29] .
Alternative splicing of the human PTPN20 gene
We next performed a detailed examination of the human cDNA and EST databases using the identified human PTPN20 catalytic domain cDNA sequence. Three cDNA/EST sequences were identified (GenBank ® accession numbers BC036539, BI460524 and BX648913) encoding potential variants of human PTPN20 (hPTPN20) with deleted PTP domains; BI460524 and BX648913 encoded proteins with N-termini identical with AL050040, whereas BC036539 encoded a protein with an N-terminus similar to the murine Typ [29] . To identify full-length PTPN20, we performed 5 RACE analysis of PTPN20 using cDNA generated from ECV403 cell and human testis mRNA and primers (NPTP-3 and NPTP-4) corresponding to the AL050040 cDNA as described in the Materials and methods section. When sequenced, most RACE products (results not shown) identified a novel isoform of PTPN20, which differed from the others at its 5 end and which we have designated PTPN20a.
In order to confirm the existence of the PTPN20a cDNA, RT-PCR was performed using human testis or ECV304 cDNA and primers specific for the PTPN20a 5 end (NPTP-3 and NPTP-5). The PTPN20a RT-PCR reactions generated a 561 bp product which, when sequenced, confirmed the presence of this isoform (see Supplementary Figure 1A at http://www.BiochemJ.org/ bj/389/bj3890343add.htm). To confirm that the PTPN20a cDNA encoded an intact PTP domain, the entire ORF of PTPN20a was amplified as a single 1284 bp product from ECV304 cDNA (see Supplementary Figure 1B at http://www.BiochemJ.org/bj/ 389/bj3890343add.htm), using the primers NPTP-5 and NPTP-6, and then sequenced to confirm identity. Although only a single PCR product was amplified from ECV304 cDNA, multiple PCR products were generated when full-length PTPN20a was amplified from testis cDNA (see Supplementary Figure 1C at http:// www.BiochemJ.org/bj/389/bj3890343add.htm). These cDNAs were sequenced and were found to encode possible variants of hPTPN20a containing N-terminal alterations, or PTP catalytic domain deletions (see Supplementary Figure 2 at http://www. BiochemJ.org/bj/389/bj3890343add.htm).
Other products generated by 5 RACE corresponded to PTPN20 cDNA sequence AL050040, or the BC036539 sequence that did not encode an intact PTP catalytic domain. As indicated above, BC036539 encodes a predicted protein with similarity to the N-terminus of Typ [29] . We therefore postulated that a human isoform with an intact catalytic domain and similarity to the Typ N-terminus might exist. To test this, RT-PCR was performed from a testis cDNA library using primers specific for the putative isoform aimed at amplifying an entire PTPN20 ORF (NPTP-6 and NPTP-7). Two main PCR products of 837 bp and 1385 bp were generated (see Supplementary Figure 1D at http://www. BiochemJ.org/bj/389/bj3890343add.htm) which, when sequenced, corresponded to BC036539 and also a variant encoding an intact catalytic domain. We have designated the intact catalytic domain cDNA variant PTPN20b and the cDNA with the catalytic domain deleted (BC036539) PTPN20b-1. These sequences and others identified by RT-PCR are summarized in Supplementary Figure 2 (http://www.BiochemJ.org/bj/389/ bj3890343add.htm) and have been deposited into GenBank ® (see Supplementary Figure 2 for accession numbers).
Localization and annotation of the human PTPN20 gene
To identify and annotate the PTPN20 gene, BLAST analysis of the human genomic DNA database was performed using the human PTPN20 cDNA sequences. A region of identity was found on HSA chromosome locus 10q11.22. The human PTPN20 gene encompasses approx. 92 kb of genomic DNA and is transcribed towards the centromere of HSA chromosome 10 (results not shown). A putative PTPN20 pseudogene (LOC399762) encoding a protein of 120 amino acids with 92 % identity with the hPTPN20b N-terminus was identified approx. 500 kb downstream of PTPN20 (results not shown). FISH (fluorescent in situ hybridization) analysis using a 778 bp cDNA probe corresponding to nucleotides 420-1197 of the human PTPN20 cDNA (GenBank ® accession number AL050040) confirmed the genomic localization of PTPN20 to HSA chromosome locus 10q11.2 (results not shown). Annotation of the PTPN20 gene shows that it is composed of 12 exons and 10 introns (see Supplementary Figure 3 at http:// www.BiochemJ.org/bj/389/bj3890343add.htm). Exons 1a, 1b and 2 contain the 5 UTRs (untranslated regions) of all isoforms. Exons 1a-6 encode the N-terminal portion of hPTPN20a; exons 6-11 encode the PTP domain, and exon 11 also encodes the entire 3 UTR (see Supplementary Figure 3 at http://www.BiochemJ. org/bj/389/bj3890343add.htm). Intron sizes range from 244 bp (intron 1a) to > 20 kb (intron 1b) (see Supplementary Figure 3 at http://www.BiochemJ.org/bj/389/bj3890343add.htm), and the intron-exon boundaries conform to the GT-AG rule [30] (results not shown). Several single nucleotide polymorphisms were also identified in the human PTPN20 gene. Two occur in the 3 UTR (T2030C and A2202C) of the PTPN20a cDNA and two within the coding region (T136C and A151G); however, only one polymorphism results in a predicted amino acid change (T21A). All the possible isoforms of hPTPN20 would be generated by alternative splicing with PTPN20a, PTPN20b, PTPN20c and PTPN20d (see Supplementary Figure 2 at http://www.BiochemJ. org/bj/389/bj3890343add.htm) encoding proteins with intact PTP catalytic domains.
Figure 1 Amino acid alignment of hPTPN20 variants
ClustalW alignment of hPTPN20 variants a-d with the murine Typ sequence [29] . Regions of amino acid identity between hPTPN20 and Typ are highlighted on the Typ sequence in grey. Amino acids are numbered and the PTP catalytic domain [2] is indicated by asterisks above the sequence. Divergent hPTPN20 N-terminal amino acids are shown in bold italics and putative PEST sequences are underlined. Residues that are highly conserved in classical PTPs, including 22 invariant residues (underscored) that constitute the ten conserved PTP catalytic domain motifs [3] , are indicated.
Characterization of the hPTPN20a protein
An alignment of the potential hPTPN20 full-length isoforms with the putative hPTPN20 murine homologue Typ is shown in Figure 1 . Typ has an overall sequence identity of 66 % with its putative human orthologue hPTPN20b; the Typ and hPTPN20b catalytic domains are 74 % identical, whereas their non-catalytic N-termini are 52 % identical. This degree of identity is similar to that observed for closely related, but distinct, PTPs such as PTP1B and TCPTP (72 % identity, 86 % similarity; TCPTP catalytic domain residues 43-288), which have overlapping, but also unique, functions [1] [2] [3] .
The catalytic domains of classical PTPs comprise ∼ 280 residues and contain the signature motif (I/V)HCSXGXGR(S/T)G (motif 9; Figure 1 ) that includes the catalytically essential cysteine (Cys 215 in PTP1B) and arginine residues, as well as nine other highly conserved motifs that include the WPD (Trp-ProAsp) loop (motif 8; Figure 1 ), which contains the invariant aspartate residue (Asp 181 in PTP1B) that serves as a general acid-base catalyst, and the Q loop (motif 10; Figure 1 ) that contains the glutamine (Gln 262 in PTP1B) that is involved in the second hydrolysis step of the phosphocysteine enzyme complex [1] [2] [3] . The signature motif sequence (VHCSAGIGRTG; amino acids 342-352 of hPTPN20a) and the other nine invariant PTP catalytic domain motifs are conserved in hPTPN20 (Figure 1) . Consistent with this, a GST-hPTPN20a (151-411) fusion protein comprising the hPTPN20 catalytic domain dephosphorylated tyrosyl phosphorylated RCML in vitro (Figure 2A) .
Although the predicted non-catalytic N-terminus of hPTPN20a does not exhibit any significant similarity to any known protein, three predicted PEST motifs were identified (residues 19-31, 54-76 and 87-104 in hPTPN20a) ( Figure 1) ; PEST motifs can target proteins for proteolytic destruction [31] . The half-life of hPTPN20a as measured by [ 35 S]methionine pulse-chase labelling was approx. 1 h, which is short when compared with PTPs such as TCPTP, which has a half-life of 12-16 h [20] . Nonetheless, truncation of the first two predicted PEST motifs in hPTPN20a did not significantly alter protein half-life ( Figure 2B ), indicating that, on their own, the putative PEST motifs may not have a significant role in controlling hPTPN20a stability. The non-catalytic hPTPN20a N-terminus also contains numerous potential serine/threonine phosphorylation sites that may be important for regulation, but these were not examined in the present study.
Expression of human PTPN20
In order to identify tissues in which PTPN20 may be expressed, Northern blot analysis was performed using a panel of human tissue mRNAs and a human PTPN20 cDNA probe corresponding to the hPTPN20 catalytic domain ( Figure 3A ). Although not expressed abundantly, a single ∼ 3.0 kb mRNA transcript was detected in human testis ( Figure 3A) as reported previously for murine Typ [29] . However, since we identified PTPN20 from human bladder cancer ECV304 epithelial cells, we reasoned that PTPN20 might also be expressed in other human tissues and cell types, albeit at lower levels. Consistent with this, ESTs corresponding to PTPN20 were identified from distinct sources, including pancreas (CA778311, BQ787020, CA778018, BG655503 and BQ786761), brain (BX648913 and CD108815) and aorta (D62174 and D79354).
We next compared the relative abundance of the PTPN20 alternative spliced variants in different cell lines by RT-PCR analysis ( Figure 3B) . First, the expression of PTPN20 cDNAs encoding proteins with intact PTP catalytic domains was assessed with specific oligonucleotide primers corresponding to exons 7 and 11 (NPTP-9 and NPTP-6) ( Figure 3B ). An expected product of 751 bp was amplified from all the cell lines examined, including secondary cultures of HUVECs (human umbilical vein endothelial cells) (results not shown), normal MRC5 and 7625 fibroblasts, transformed HEK-293 epithelial cells and COS1 fibroblasts, and several tumour cell lines. Next we compared the expression of PTPN20a compared with that of PTPN20b or PTPN20c; PTPN20a was assessed with oligonucleotide primers specific to exons 1b/3 and 7 (NPTP-8 and NPTP-3) or exons 1b/3 to 11 (NPTP-8 and NPTP-6) and compared with the expression of PTN20b or PTPN20c, as assessed with primers specific to exons 2 and 11 (NPTP-7 and NPTP-6). PTPN20a was expressed in all human cell lines examined, whereas the expression of PTPN20b and PTPN20c and their corresponding truncation and deletion variants was more restricted and variable ( Figure 3B) . Notably, PTPN20b and PTPN20c were not present in some cell lines, including HUVECs (results not shown), ECV304 and HeLa cells ( Figure 3B ). For ECV304 cells, the absence of PTPN20b and PTPN20c isoforms was confirmed further using a different primer combination (NPTP-7 and NPTP-3; specific to exons 2 and 7 respectively), which generated the expected 607 bp product from testis cDNA, but not from ECV304 cDNA (results not shown). These results indicate that PTPN20a might be expressed in varied cell types and, in some cell lines, PTPN20a represents the predominant form of the phosphatase.
To examine PTPN20 expression further, polyclonal antibodies were generated against a peptide corresponding to the hPTPN20a C-terminus (TT3) that is present in all the predicted hPTPN-20 variant proteins with an intact catalytic domain (hPTPN20a, hPTPN20b, hPTPN20c and hPTPN20d), as well as in some of the catalytic domain deleted and/or truncated variants (hPTPN20a-1 and -2, hPTPN20b-2, hPTPN20d-1 and hPTPN20e) (see Supplementary Figure 2 at http://www.BiochemJ.org/bj/389/ bj3890343add.htm). The expression of endogenous hPTPN20 was examined in a range of cell types by immunoblot analysis Figure 4 Expression analysis of hPTPN20 variants (A) Lysates from the indicated cell lines as well as COS1 cells expressing hPTPN20a-HA were resolved by SDS/PAGE (10 % polyacrylamide) and immunoblotted with anti-hPTPN20 TT3 polyclonal antibodies and then tubulin. Indicated is the electrophoretic mobility of hPTPN20 and that of a non-specific (n.s.) protein recognized by TT3. Molecular masses are given in kDa. (B) HEK-293 cells were electroporated with pSUPER vector control or pSUPER-siRNA1 expressing PTPN20 siRNA to suppress hPTPN20 expression. At 36 h post-transfection, cell lysates were resolved by SDS/PAGE (10 % polyacrylamide) and immunoblotted with anti-hPTPN20 TT3 polyclonal antibodies and then antibodies against actin and TCPTP. Indicated is the electrophoretic mobility of hPTPN20 and that of a non-specific (n.s.) protein recognized by TT3.
( Figure 4A ). A protein with an electrophoretic mobility that was consistent with the predicted molecular mass of either hPTPN20a (47.4 kDa) and identical with that of C-terminally HA-tagged hPTPN20a (hPTPN20a-HA) was expressed in different cell types, including both normal and immortalized/transformed cells ( Figure 4A ). This protein was not detected by the corresponding pre-immune serum antibodies (results not shown), and an siRNA corresponding to a sequence encoding the hPTPN20 noncatalytic N-terminus suppressed the expression of this protein without altering the expression of actin, the tyrosine phosphatase TCPTP or another non-specific immunoreactive 50 kDa protein ( Figure 4B ) that was variably recognized by the TT3 antibody. Significant levels of other predicted hPTPN20 variants including the catalytic domain deleted and/or truncated variants were not detected in the cell lines tested. Therefore, taken together with the RT-PCR analyses in Figure 3 (B), these results indicate that the hPTPN20a protein may predominate in cells in vitro.
Subcellular localization of hPTPN20a
Having established that the hPTPN20a variant may predominate in varied cell types, we next sought to assess its subcellular distribution. The recognition of a non-specific protein by the TT3 antibody by Western blot analysis (Figure 4 ) prohibited its use for assessment of endogenous hPTPN20a localization by immunofluorescence microscopy. As such, the subcellular localization of ectopic hPTPN20a-HA was assessed in ECV304 (results not shown) and COS1 cells ( Figure 5A ). hPTPN20a-HA either was nuclear-targeted with a reticular cytoplasmic localization, often with concentrated staining to one side of the nucleus reminiscent of endoplasmic reticulum and Golgi apparatus respectively (approx. 60-90 % of cells), or demonstrated nuclear exclusion with diffuse cytoplasmic and cell peripheral staining ( Figure 5A ). These expression patterns were detected even when very low amounts of hPTPN20a-HA were expressed (results not shown). The subcellular targeting of hPTPN20a-HA to membranes, cytosol and the nucleus was confirmed by immunoblot analysis of hPTPN20a-HA-expressing COS1 cells fractionated after hypotonic lysis into plasma membrane/endoplasmic reticulum, cytosol and nuclei/mitochondria/endoplasmic reticulum fractions by differential centrifugation as described in the Material and methods section. The localization of hPTPN20a-HA was compared with the localizations of the endoplasmic-reticulum-targeted PDI (pro- (B) COS1 cells were transfected with vector control, or a construct for the expression hPTPN20a-HA. At 36 h post-transfection, cells were fractionated into high-density microsome (HDM), low-density microsome (LDM), cytosol, plasma membrane/endoplasmic reticulum and nuclear/mitochondrial/endoplasmic reticulum fractions as described in the Materials and methods section. Equal amounts of protein were resolved by SDS/PAGE (12 % polyacrylamide) and analysed by immunoblot analysis using antibodies specific for HA (12CA5), the endoplasmic reticulum marker PDI and the EGFR, which is localized at the plasma membrane. (C) Asynchronous COS1 cells were fractionated as described above, and equal amounts of protein were resolved by SDS/PAGE (12 % polyacrylamide) and immunoblotted with hPTPN20-specific antibodies (TT3) and antibodies specific for EGFR and the nuclear protein nucleoporin p62 (Nuc).
tein disulphide-isomerase) and the plasma-membrane-targeted EGFR (EGF receptor) ( Figure 5B ). hPTPN20a-HA was present in all compartments, but was most abundant in the nuclei/mitochondria/endoplasmic reticulum fraction ( Figure 5B) , consistent with the predominant nuclear localization of hPTPN20a-HA in asynchronous cells ( Figure 5A ). Moreover, although recognition of non-specific proteins by the TT3 antibody (Figure 4 ) prohibited its use in assessing localization by immunofluorescence microscopy, we determined the subcellular localization of endogenous hPTPN20 by assessing its distribution in fractionated COS1 cells ( Figure 5C ). hPTPN20 localization was compared with the distribution of the EGFR and the nuclear-restricted protein nucleoporin p62. In asynchronous cells, endogenous hPTPN20 was present in the plasma membrane/endoplasmic reticulum and the nuclear/mitochondrial/endoplasmic reticulum fractions (Figure 5C) , consistent with the predominant nuclear and membrane targeting of ectopic hPTPN20a-HA ( Figures 5A and 5B) . Appreciable amounts of endogenous hPTPN20 were not detected in other fractions, including the cytoplasm, as was the case for ectopic hPTPN20a-HA ( Figures 5B and 5C ). One possibility is that the targeting of hPTPN20a to such compartments may be transient and beyond the detection capabilities of our antibodies and that the presence of exogenous hPTPN20a-HA in such fractions may be exacerbated by overexpression.
Nuclear hPTPN20-HA localization was confirmed further by confocal microscopy co-staining DNA with propidium iodide ( Figure 6A ). The reticular hPTPN20a-HA staining showed colocalization with markers of the endoplasmic reticulum, including calnexin and PDI (results not shown) and a GFP-fused temperature-sensitive variant of VSVG ( Figure 6B ) that is retained in the endoplasmic reticulum at 42
• C owing to protein misfolding [32] . In cells that had nuclear and reticular staining, the punctum of hPTPN20a staining to one of the nuclei co-localized with clathrin-coated vesicles, endosomes and the ERC (endocytic recycling compartment) [33] , as indicated by its co-localization with Figure 7 hPTPN20a localization is dependent on the microtubule network (A) COS1 cells transfected with TC45-pMT2, hPTPN20a-HA-pMT2 alone, or hPTPN20a-HA-pMT2 and pEGFP-Rab11, were serum-starved and then either left untreated or treated with 500 ng/ml nocodazole for 5 h. Cells were then processed for confocal microscopy with polyclonal antibodies against hPTPN20a (TT2) or TC45 (159) and monoclonal anti-tubulin as indicated. (B) HeLa cells electroporated with pCG vector control (Co) or hPTPN20a-HA-pCG were left untreated, or were treated with the microtubule-stabilizing agent taxol or the microtubuledepolymerizing agent nocodazole as described in the Materials and methods section. Total protein (T) was extracted in microtubule-stabilizing buffer and fractionated into soluble (cytosolic fraction) (S) and insoluble proteins (microtubule fraction) (P). Proteins were resolved by SDS/ PAGE (10 % polyacrylamide) and immunoblotted with antibodies against HA (12CA5) or tubulin.
clathrin (results not shown), co-transfected GFP-Rab5 (results not shown) and co-transfected GFP-Rab11 respectively ( Figure 6C ). In addition, the punctum of hPTPN20a staining also co-localized with the Golgi apparatus, as indicated by its co-localization with β-COP ( Figure 6D ) and a co-transfected GFP-fusion protein of the GTPase Rab6 (results not shown).
The structural integrity and the trafficking of molecules between subcellular compartments including Golgi, endoplasmic reticulum and endosomes is dependent on the organelles being tethered to microtubules which emanate from the MTOC (microtubule-organizing centre) [34] [35] [36] . The punctum of hPTPN20a-HA staining that was to one side of the nucleus and the reticular hPTPN20a-HA staining co-localized with the microtubule network and the MTOC respectively ( Figure 7A, top panel) . Dispersal of the MTOC and microtubules with the depolymerizing agent nocodazole disseminated the clathrin-coated vesicles (results not shown) and the ERC as indicated by the redistribution of GFP-Rab11 from the perinuclear localization evident in Figure 6(C) (Figure 7A, bottom panel) . In cells treated with nocodazole, hPTPN20a had a diffuse cytoplasmic staining and did not co-localize with clathrin (results not shown) or GFP-Rab11 vesicular structures [33, 37] (Figure 7A , bottom panel), indicating that hPTPN20a did not interact directly with endosomal compartments. In addition, in nocodazole-treated cells, hPTPN20a was excluded from the nucleus in more than 90 % of cells (Figure 7A, bottom panel) . In contrast, TC45 remained in the nucleus ( Figure 7A ), demonstrating that nuclear structural integrity was maintained in the presence of nocozadole. These results indicate that hPTPN20a localization may be dependent on the microtubule network. However, hPTPN20a-HA does not associate directly with microtubules, since hPTPN20a-HA did not co-fractionate with depolymerized tubulin from nocodazole-treated cells or with bundled microtubules from taxol-treated cells ( Figure 7B ). Taken together, these results indicate that hPTPN20a might be targeted to microtubules and that its association might be dynamic, allowing for trafficking to various subcellular compartments.
hPTPN20a is targeted to sites of actin polymerization
Given the presence of two distinct hPTPN20a-HA subcellular distributions in asynchronous cells, we reasoned that specific cellular stimuli might alter hPTPN20a localization. We noted that the microtubule-and nuclear-targeted localization of hPTPN20a predominated in serum-starved COS1 cells (results not shown). However, in response to 1-100 ng/ml EGF stimulation, hPTPN20a underwent a dramatic change in localization and was excluded from the nucleus, showing diffuse cytoplasmic staining and prominent cell peripheral staining ( Figure 8A ). The cell peripheral staining co-localized with cortical actin (results not shown) and actin in membrane ruffles, sites highly enriched in dynamic actin polymerization ( Figure 8B) . A similar dynamic change in localization was noted in response to hyperosmotic shock (600 mM sorbitol) ( Figure 8A ) and here we noted distinct puncta of hPTPN20a-HA staining at the cell periphery that colocalized with actin ( Figure 8B ). In addition, treatment of cells with pervanadate, which inhibits PTPs and promotes tyrosinephosphorylation-dependent signalling, also resulted in a dramatic change in localization with prominent cell peripheral staining ( Figure 8A ). Finally, hPTPN20a-HA also localized to membrane ruffles (results not shown) and sites enriched in actin in cells that were detached and subsequently allowed to spread on the extracellular matrix protein fibronectin ( Figure 8B ). Taken together, these results indicate that hPTPN20a is targeted to sites of dynamic actin polymerization in response to varied extracellular stimuli.
DISCUSSION
In recent years, biochemical, structural and genetic studies have illustrated that PTPs can be highly specific enzymes in vivo, integral to the regulation of fundamental cellular responses [1, 38] . Despite their pivotal roles in such cellular processes, most PTP family members remain poorly characterized. In the present study, we have undertaken a characterization of the classical human PTP family member hPTPN20. We report that alternative splicing of the PTPN20 gene can result in the expression of at least 22 mRNA transcripts, including 18 novel sequences that encode 16 potential variant proteins making PTPN20 one the most alternatively spliced PTP genes currently known.
Northern blot analysis of human tissues suggested that PTPN20 mRNA is not abundant and that its expression is highest in human testes, consistent with a previous report characterizing the expression of the putative hPTPN20b murine homologue Typ [29] . However, the existence of PTPN20 ESTs from various human tissues, together with our RT-PCR and immunoblot analyses, COS1 cells transfected with hPTPN20a-HA-pMT2 were serum-starved and were left untreated, or were stimulated with 10 ng/ml EGF for 15 min, 600 mM sorbitol for 60 min or 200 µM pervanadate for 15 min, and then processed for immunofluorescence microscopy with antibodies against HA (12CA5). (B) COS1 cells transfected with hPTPN20a-HA-pMT2 were serum-starved and stimulated with EGF or sorbitol as indicated above, or otherwise detached and allowed to spread on fibronectin-coated coverslips as described in the Materials and methods section. Cells were processed for immunofluorescence microscopy with antibodies against HA and Texas-Red Phalloidin to detect actin. Representative sites enriched in actin demonstrating co-localization with hPTPN20a-HA are indicated by arrows.
suggests that the phosphatase may be widely expressed, albeit at lower levels than those found in testes. Our RT-PCR analyses indicated that the PTPN20a mRNA may predominate in cultured cells, and, consistent with this, hPTPN20-specific antibodies detected a protein with the predicted molecular mass of hPTPN20a in all cell lines examined.
To provide insight into the possible functions of hPTPN20a, we assessed its subcellular distribution by immunofluorescence microscopy. We found that the subcellular localization of hPTPN20a was dependent on an intact microtubule network. hPTPN20a localized to the microtubules and the MTOC, and co-localized with organelles such as the Golgi apparatus and the endoplasmic reticulum whose organization/structure is dependent on microtubule integrity [34] [35] [36] . Moreover, although hPTPN20a lacks any discernable nuclear localization sequence, it was targeted to the nucleus. Importantly, microtubule disruption not only resulted in hPTPN20a adopting a diffuse cytoplasmic localization, but also in exclusion of hPTPN20a from the nucleus. Previous studies have demonstrated that various proteins including the tumour-suppressor protein p53 [39] and the parathyroid-hormonerelated protein [40] utilize microtubules to traffic to the nucleus and we propose that same may be true for hPTPN20a.
hPTPN20a underwent a dramatic change in localization in response to varied extracellular stimuli including hyperosmotic shock, EGF and cell spreading. Under these conditions, hPTPN20a was targeted to sites of dynamic actin polymerization, including membrane ruffles and cortical actin and was excluded from the nucleus without discernable microtubule targeting. These results are consistent with hPTPN20a having a dynamic subcellular localization, and we propose that hPTPN20a might recognize a distinct substrate at sites of actin polymerization. Notably, our preliminary studies indicate that hPTPN20a is very specific in its substrate recognition, since its overexpression had no discernable effect on EGFR phosphorylation or signalling (results not shown). Moreover, we have not detected any tyrosyl phosphorylated proteins associated with hPTPN20a-D314A 'substrate-trapping' mutants [18, 41] in response to either EGF or sorbitol in COS1 cells (results not shown), indicating that hPTPN20a substrates may not be abundant and/or that their stoichiometry of phosphorylation may be low. Nonetheless, the pronounced accumulation of hPTPN20a to sites of polymerized actin is consistent with the phosphatase having a role in the modulation of actin dynamics or in cellular processes dependent on cytoskeletal reorganization, but further studies are needed to address this.
Our studies indicate that alternative splicing of the PTPN20 gene can generate mRNA transcripts that encode proteins lacking functional PTP catalytic domains. Two other PTP genes, encoding the intracellular STEP (striatal enriched phosphatase) [42, 43] and the transmembrane receptor-like RPTPζ /β [44] [45] [46] are alternatively spliced to generate proteins that lack catalytic domains. No information is available as to the function of the STEP variant [42, 43] , but the RPTPζ /β variant is secreted and may have distinct, as well as competitive, possibly dominant-negative, functions with respect to full-length transmembrane RPTPζ /β [47] [48] [49] [50] [51] . The predicted PTP domain 'null' hPTPN20 variants may also act as dominant negatives, as suggested not only for the RPTPζ /β variant, but also for the naturally occurring PTP inactive or phosphatase 'dead' so-called STYX-like (phosphoserine/ threonine/tyrosine-interacting) proteins [47] [48] [49] [50] [51] [52] . Notably, the archetypal phosphatase 'dead' STYX protein is essential in vivo, and mice lacking STYX are defective in sperm production and are infertile [53] . Even though we did not detect significant levels of the PTP domain 'null' hPTPN20 variants in the cell lines tested, it is possible that such proteins may nevertheless exist in vivo and further studies are needed to assess their expression under conditions not emulated by asynchronous cells in vitro. Although the biological roles of hPTPN20 remain to be elucidated, our results underscore the complexity of PTP regulation and function and provide a basis from which to begin a systematic examination.
